Aims: The effects of chronic ethanol (EtOH) consumption, associated or not with thiamine deficiency (TD), on β-amyloid peptide (Aβ) level and oxidative stress in the brain were studied in male C57BL/6 mice. Methods: Mice were prepared by feeding with an EtOH liquid diet, thiamine-depleted liquid diet and a thiamine-depleted EtOH liquid diet for 7 weeks. Biochemical parameters were measured by corresponding commercial kits. Results: EtOH consumption or TD induced a significant decrease in the thiamine level, but induced increased in the β-amyloid peptide 1-42 and β-amyloid peptide 1-40 (Aβ 1-40 ) levels. EtOH consumption led to a significant increase in the malondialdehyde (MDA) and nitric oxide (NO) levels, total nitric oxide synthase (NOS) activities and inducible nitric oxide synthase (iNOS) activities, but a significant decrease in superoxide dismutase (SOD) and glutathione peroxidase activities. TD significantly elevated the MDA content and total NOS and iNOS activities but lowered SOD activity. Aβ 1-40 overproduction, the change in the NO level, and SOD activity in the brain induced by chronic EtOH treatment associated with TD were greater than that induced by EtOH or TD alone. Conclusion: Findings from this report suggested that chronic EtOH consumption could induce TD, excess Aβ production and oxidative damage, and the association with TD should have more severe effects on the brain. Short summary: Chronic EtOH consumption or thiamine deficiency (TD) treatment could reduce the thiamine level, induce β-amyloid peptide (Aβ) overproduction and oxidative stress in the brain. When associated with TD, EtOH consumption caused Aβ overproduction and oxidative damage more serious.
INTRODUCTION
Ethanol (EtOH) has complex effects on the brain. Light-to-moderate alcohol consumption is associated with a decrease in degeneration of the nervous system, and lower risk of dementia and Alzheimer's disease (AD) (Berntsen et al., 2015; Muñoz et al., 2015) . Conversely, several studies suggested a neurotoxic effect of high amounts of alcohol intake and an increased risk of developing a dementia-like condition, such as AD (Ruitenberg et al., 2002; Tiwari and Chopra, 2013) . Chronic EtOH consumption induces free radical production, which led to oxidative damage (Skrzydlewska et al., 2005; Tiwari and Chopra, 2013) . Thiamine deficiency (TD), which is found in a large number of alcoholics, is an important contributor to alcoholrelated brain damage (Martin et al., 2003; Day et al., 2013; Latt and Dore, 2014) . TD induces chronic mild impairment of oxidative metabolism and promotes selective changes in oxidative stress and inflammation that led to neuronal loss in specific brain regions (Ke et al., 2003; Ke and Gibson, 2004) . Several studies have reported that TD enhances β-amyloid peptide (Aβ) accumulation, thereby exacerbating TD-induced oxidative stress in an Alzheimer's mouse model (Karuppagounder et al., 2009; Zhang et al., 2011) . Given that chronic alcohol abuse causes malnourishment such as TD, which can enhance Aβ accumulation and oxidative damage in the brain, whether chronic alcoholism may cause excess Aβ production is unclear. Therefore, we decided to study the effect of chronic alcohol intake on Aβ release and some representative biological markers related to oxidative stress.
Although the occurrence of dementia and neurodegeneration induced by alcohol and TD alone is well supported by multiple studies, the mechanisms of their neurotoxicity remain unclear. Moreover, in recent years, information regarding the comparative effects of EtOH and TD on brain damage has been limited (Pires et al., 2001; Martin et al., 2003; Mulholland et al., 2005; Bâ, 2011; De Fátima Oliveira-Silva et al., 2015; Vedder et al., 2015) . The role of oxidative stress and neurotransmitter alterations in TD associated with alcohol brain disease has been revealed (De Fátima Oliveira-Silva et al., 2015; Vedder et al., 2015) . Few reports have been conducted on the effect of alcohol intake or TD treatment on Aβ action, which plays a critical pathogenic role in the onset and development of AD. For further understanding of their synergistic interactions and the role of TD in alcohol-induced brain damage, we aimed to assess the contribution of chronic EtOH consumption, associated or not with TD in the Aβ levels and oxidative damage in the brain.
MATERIALS AND METHODS

Animal procedures
The experimental protocols were approved by Animal Care and Use Committee of the Guangdong Pharmaceutical University, with the reference number of gdpu2016001. Five-week-old C57BL/6 male mice were obtained from the Center for Laboratory Animal Sciences, Southern Medical University (Guangdong, China). All mice were maintained at the Laboratory Animal Center, Guangdong Pharmaceutical University (Guangdong, China), following the NIH Guide for the Care and Use of Laboratory Animals. Animals were housed five per cage under conditions free of specific pathogens at 25 ± 1°C and relative humidity of 55-60% and exposed to a daily cycle of 12 h light/dark.
Alcohol diet-fed mice were fed the mixture of control liquid diet and its corresponding EtOH liquid diet by gradually increasing the proportion of EtOH liquid diet. The control group mice were fed the control liquid diet for 6 days. During those 6 days, the ratio of control liquid diet and EtOH liquid diet was 2:1, 1:1 and 1:2 with each proportion of mixture fed for 2 days. Furthermore, alcohol diet-fed mice were acclimated to 28% EtOH (4%, wt/vol) liquid diet (as percentage of total calories) for 3 days. Animals were then actually pair-fed the control or its corresponding EtOH liquid diet for 7 weeks (pair-feeding was based on EtOH + TD diet consumption) in the following groups: pair-fed control, pair-fed EtOH, pairfed control + TD and EtOH + TD.
The macronutrient composition of the control AIN93G liquid diet (purchased from TROPHIC Animal Feed High-tech Co. Ltd, Jiangshu, China) in percentage of total calories was 63.9% carbohydrate, 16.7% fat and 19.4% protein, whereas the EtOH liquid diet was 16.7% fat, 18% protein, 35.9% carbohydrate and 28% EtOH (4%, wt/vol). The control liquid diet or EtOH liquid diet contained 1.33 mg/l thiamine, but thiamine was depleted in TD liquid diet and EtOH associated with TD liquid diet. AIN93G liquid diets were prepared and provided to mice at 5:30 pm every day, and the volume of liquid diet intake per day was recorded.
Preparation of brain tissue
All mice were sacrificed by decapitation. Whole brains were excised immediately, weighed and immersed in ice-cold physiological saline. A 10% homogenate with physiological saline of the brain was prepared. The homogenate was centrifuged at 3500 rpm for 10 min at 4°C to remove cell debris and nuclei. The resulting supernatant was stored at −80°C for various biochemical assays.
Biochemical assays
Thiamine, β-amyloid peptide 1-42 (Aβ 1-42 ) and β-amyloid peptide 1-40 (Aβ 1-40 ) ELISA assay kits (used for the determination of the Aβ 1-42 and Aβ 1-40 levels in tissue from mice) were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Commercial kits used for the determination of the malondialdehyde (MDA), nitric oxide (NO) and protein levels, as well as superoxide dismutase (SOD), glutathione peroxidase (GPx) and nitric oxide synthase (NOS) activities were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). All procedures completely complied with the manufacturer's instructions.
Schematic representation of chronic EtOH and TD protocol
Grouping of the experimental mice, and chronic EtOH and TD protocol were shown in Fig. 1 .
Statistics
Statistical analysis was performed using SPSS 16.0. All data in the text were expressed as mean ± SD. One-way ANOVA with the Tukey test for post hoc multiple comparisons was used to determine significant differences between different groups. Two-way ANOVA was used to assess the interaction effects of EtOH × TD on thiamine, β-amyloid peptide levels and oxidative stress in the brain of C57BL/6 mice. All tests were considered statistically significant at P < 0.05.
RESULTS
Thiamine level in the brain
One-way ANOVA indicated that chronic EtOH intake, associated with TD or each alone, significantly decreased thiamine levels in the brain (Fig. 2) . Thiamine level was significantly lower than EtOH, TD and EtOH associated with TD groups when compared with that of the control group (P < 0.01, P < 0.01 and P < 0.01, respectively). Compared with the EtOH associated with TD group, the EtOH and TD groups showed significantly higher thiamine levels (P < 0.01 and P < 0.01, respectively).
Two-way ANOVA revealed that EtOH × TD interactions on the thiamine level reduction in the brain were not significant (Table 1 ).
Aβ 1-42 level in the brain
One-way ANOVA indicated that chronic EtOH consumption associated with TD or each alone significantly increased Aβ 1-42 level in the brain (Fig. 3) . The Aβ 1-42 level was significantly elevated by EtOH, TD and EtOH associated with TD when compared with that of the control group mice (P < 0.01, P < 0.01, and P < 0.01, respectively).
Two-way ANOVA demonstrated that EtOH × TD interaction on the increase in the Aβ 1-42 level in the brain was not significant (Table 1 ).
Aβ 1-40 level in the brain
One-way ANOVA indicated that the Aβ 1-40 level significantly increased in the brain after chronic EtOH consumption, associated with TD or each alone (Fig. 4) . EtOH, TD and EtOH associated with TD significantly increased Aβ 1-40 level when compared with the control group (P < 0.01, P < 0.01 and P < 0.01, respectively). Compared with the EtOH associated with TD group, the Aβ 1-40 level from the EtOH and TD groups was significantly lower (P < 0.05 and P < 0.01, respectively).
Two-way ANOVA revealed that EtOH × TD interaction on the increase in the Aβ 1-40 level in the brain was significant (P < 0.05; Table 1 ).
MDA content and SOD and GPx activities in the brain
One-way ANOVA indicated that the MDA content significantly increased after chronic EtOH consumption, associated with TD or each alone (Table 2 ). EtOH associated with TD significantly increased MDA level when compared with the control group (P < 0.01). When compared with the EtOH associated with TD group, the MDA content from the EtOH and TD groups was significantly lower (P < 0.01 and P < 0.01, respectively).
Two-way ANOVA demonstrated that EtOH × TD interaction on the increase in the MDA level was not significant (Table 3) .
One-way ANOVA indicated that SOD activity was significantly reduced after chronic EtOH consumption, associated with TD or each alone ( Table 2 ). The EtOH associated with TD group showed significantly lower SOD activity than the control group (P < 0.01). EtOH associated with TD treatment significantly decreased SOD activity compared with treatment of each alone (P < 0.01 and P < 0.01, respectively). Two-way ANOVA revealed that EtOH × TD interaction on the reduction in SOD activity was significant (P < 0.05; Table 3) .
One-way ANOVA indicated that TD left GPx activity unchanged, whereas chronic EtOH treatment and EtOH consumption associated with TD decreased GPx activity (Table 2) . GPx activity was significantly lessened by EtOH and EtOH associated with TD (P < 0.01 and P < 0.01, respectively). When compared with the TD group, the EtOH associated with TD group exhibited significantly lower GPx activity (P < 0.01).
Two-way ANOVA demonstrated that EtOH × TD interaction on the reduction in GPx activity was not significant (Table 3) .
NO level and NOS activities in the brain
One-way ANOVA indicated that chronic EtOH consumption, associated with TD or chronic EtOH intake alone, significantly increased NO levels in the brain (Table 2 ). EtOH and EtOH associated with TD treatment significantly elevated NO levels when compared with the control group (P < 0.01 and P < 0.01, respectively). The NO levels from the TD group were significantly lower than that from the EtOH associated with TD group (P < 0.01).
Two-way ANOVA revealed that EtOH × TD interaction on the increase in the NO level was significant (P < 0.05; Table 3 ).
One-way ANOVA indicated that EtOH, associated with TD or alone, significantly increased total NOS activities ( Table 2 ). The EtOH, TD and EtOH associated with TD groups showed significantly higher total NOS activity than the control group (P < 0.01, P < 0.01 and P < 0.01, respectively). The EtOH and TD groups presented lower total NOS activities than the EtOH associated with TD group (P < 0.01 and P < 0.05, respectively).
Two-way ANOVA demonstrated that EtOH × TD interaction on the increase in total NOS activity was not significant (Table 3) .
One-way ANOVA revealed that EtOH consumption associated with TD and EtOH intake alone significantly increased inducible nitric oxide synthase (iNOS) activity in the brain ( Table 2 ). The EtOH associated with TD group showed higher iNOS activity than the control group (P < 0.05). When compared with the EtOH associated with TD group, the TD group presented significantly lower iNOS activity (P < 0.05).
Two-way ANOVA demonstrated that EtOH × TD interaction on the increase in iNOS activity was not significant (Table 3) .
DISCUSSION
This study demonstrated that chronic EtOH consumption or TD resulted in Aβ overproduction, the oxidative stress injury in mice brain. The association of both treatments induced more serious effects on Aβ 1-40 level, NO level and SOD activity than that caused by each treatment alone.
Thiamine is an essential nutrient that plays an important role in metabolic and cellular function, particularly within the brain. Thiamine and thiamine-utilizing enzymes are involved in brain excitability (Mulholland et al., 2005) . One of the sequelae of chronic alcohol abuse is malnutrition such as TD by causing inadequate nutritional intake, decreased absorption and impaired utilization (Martin et al., 2003; Mulholland et al., 2005) . Alcohol abuse is associated with a variety of neuropsychiatric problems (Zahr et al., 2011; Latt and Dore, 2014) . The present study revealed that both alcohol and TD could induce a reduced thiamine level in the brain. Although no synergistic interactions of alcohol and TD on reduced thiamine level occurred, the reduction in the thiamine content induced by chronic EtOH treatment associated with TD was significant and greater than that induced by EtOH and TD each alone. AD is a progressive neurodegenerative disorder and the leading cause of dementia. Senile plaques found in the brain of AD patients are composed primarily of Aβ peptide. Aβ is a protein produced by the proteolytic processing of the amyloid precursor protein by β and γ secretases, releasing fragments of 40-42 amino acids in length (Muñoz et al., 2015) . According to the amyloid hypothesis, Aβ plays a critical pathogenic role in AD as it initiates a deleterious cascade in brain and ultimately leads to changes in behavior and progressive loss of memory (Wuwongse et al., 2013; Jiang et al., 2014) . This phenomenon is possibly because of Aβ-associated oxidative stress injury and cell death (Satheesh and Nisha, 2014) . Our results indicated that both EtOH and TD could lead to Aβ 1-42 and Aβ 1-40 overproduction in the brain. EtOH and TD had no synergistic interaction on the increase in the Aβ 1-42 level, but a synergistic interaction effect of two treatments on the Aβ 1-40 level was observed. Although chronic EtOH intake can induce excess Aβ production, the association with TD should have more severe effects on Aβ. Amyloid hypothesis reveals that Aβ overproduction, and Aβ-associated oxidative stress injury and cell death play a critical pathogenic role in AD. This research demonstrated that chronic alcoholism could elevate Aβ 1-42 and Aβ 1-40 release in the brain. These findings suggested that chronic alcohol abuse and TD might play important roles in the development and progression of AD.
Control
Excessive production of reactive oxygen species, its intermediate products , and/or the downregulation of protective antioxidants in the brain play a pivotal role in facilitating the onset of neurodegenerative disorders by oxidizing macromoleculeslike proteins, DNA and lipids (Macit et al., 2012; Banjia et al., 2013) . Antioxidative enzymes (SOD and GPx) are critically important in nervous tissue protection. If mild oxidative stress occurs, normal tissues often respond with extra antioxidant defense. However, severe or persistent oxidative stress can cause cellular component injury, degeneration and brain cell death (Brieger et al., 2012) . This research revealed that EtOH, TD and EtOH associated with TD possibly increased the MDA content but lessened GPx and SOD activities in the brain. EtOH associated with TD had a greater influence on SOD activity than EtOH and TD each alone. Therefore, EtOH itself could induce oxidative stress in mice brain, and the association with TD should have more severe effects.
Reactive nitrogen species, such as NO, play a dual role in biological systems (Jomova et al., 2012) . Under the normal physiological conditions, NO at low/moderate concentrations is an unconventional biological messenger in the brain and plays important roles in certain physiological processes, such as neuromodulation, neurotransmission and synaptic plasticity (Cahuana et al., 2004; Karacay and Bonthius, 2015) . Under pathological conditions, NO at high concentrations displays neurotoxicity and can be implicated in the pathogenesis of several neurological disorders according to its inflammation and free radical properties, such as AD, neurodegeneration and neuroinflammation (Colas et al., 2006; Finnerty et al., 2015) . NO is synthesized by three unique isoforms of NOSs, which are iNOS, neuronal NOS and endothelial NOS (Förstermann and Sessa, 2012) . iNOS contributes to the pathophysiology of inflammatory diseases (Garcia-Bonilla et al., 2014) . The results demonstrated that EtOH, and EtOH associated with TD could increase the NO content and total NOS activity in the brain, but EtOH treatment associated with TD demonstrated the greatest effect. iNOS activity could be enhanced by EtOH associated with TD treatment. EtOH associated with TD could induce more serious nitrosative stress in mice brain.
CONCLUSIONS
In conclusion, the present study provides evidence of changes in biochemical markers of brain damage caused by chronic EtOH exposure. Results demonstrated that chronic EtOH intake could induce TD, excess Aβ production and oxidative damage; the association with TD should have more severe effects on the whole brain. TD induces chronic mild impairment of oxidative metabolism and enhances accumulation of Aβ peptides (Ke and Gibson, 2004; Zhang et al., 2011) . Therefore, Aβ accumulation and oxidative damage in the brain induced by chronic alcohol abuse resulted from malnourishment associated with chronic alcoholism and TD. Chronic alcoholism could be one of the risk factors associated with the development of AD because it can elevate the Aβ levels in the whole brain. However, the effects of chronic EtOH intake on the brain are specific to regions. Similarly, in AD, not all regions of the brain are equally affected. Therefore, the accurate effects of chronic EtOH consumption on Aβ configuration and distribution in different regions of the brain (i.e. hippocampus and cortex) will be determined in our follow-up studies. 
